Penicillium strains ðn ¼ 394Þ preserved at NBRC (the NITE Biological Resource Center) were compared as to groupings (11 species-clusters) based on phylogeny and the production of bioactive compounds. The strains in two clusters, of which P. chrysogenum and P. citrinum are representative, showed higher rates of positive strains with multi-biological activities.
The filamentous fungi of the genus Penicillium that belong to Ascomycetes are recognized to be ubiquitous in the environment. The discovery of antibiotics for clinical use started with the discovery of the efficacy of penicillin, a -lactam compound, produced by P. chrysogenum var. chrysogenum (as P. notatum). 1) Recently, many biological metabolites, including antibacterial, 2) antifungal, 3) and immunosuppressive agents, 4) have been discovered from metabolites of Penicillium strains. The Penicillium strains produce many useful biological compounds, but the fungal pathogens P. marneffei 5) and P. citrinum 6) produce opportunistic AIDS infection and leukemia, respectively. In addition, several Penicillium species are known to produce mycotoxins. 7, 8) The genus Penicillium includes important microorganisms as causative agents of infection and mycotoxin production. In addition, this genus is used as a good source of natural products that can be applied for the development of novel drugs.
Many common metabolites produced by the species Aspergillus and Penicillium have been reported, e.g., cycloaspeptide, 9, 10) xanthomegnin, and viomellein.
11)
Identification of the species of these two genera is very important because it provides relevant information about the properties of the responsible strains. We have previously investigated the taxonomical distribution of the Aspergillus species that are capable of producing bioactive compounds and reported our study on secondary metabolites of these microorganisms. 12) The results showed relatively good correlation between phylogenetic distribution and the production of bioactive compounds, and especially antimicrobial activities. The aim of this study was to examine Penicillium strains, as well as Aspergillus strains, as to their phylogenetic relationships and the production of bioactive compounds.
Penicillium strains (304 strains, 127 species) preserved at the NITE Biological Resource Center (NBRC) of Japan were used. Phylogenetic analysis was based on DNA sequences of the D1/D2 domain of LSU rRNA and an internal transcribed spacer region including 5.8S rRNA (ITS-D1/D2), as described previously. 12) Total DNA was extracted with a DNeasy Plant Kit (Qiagen, Tokyo). PCR amplification employed a pair of universal primers, ITS5 13) and NL-4. 14) Direct sequencing was performed on an Applied Biosystems 3130xl DNA Analyzer and with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Japan, Tokyo). For cycle sequencing reactions, primers ITS5, ITS4, ITS3, NL-1, and NL-4 were used. 13, 14) Phylogenetic analysis was conducted by the neighbor-joining method with PAUP Ã version 4.0b10. 15) Four sequences of Onygenales species were added to the analysis as outgroups, Spiromastix warcupii (AY527407 and AY176723), Coccidioides immitis (AB232890), Paracoccidioides brasiliensis (AF038360), and Ajellomyces capsulatus (AF038354). Support for individual nodes was assessed by bootstrap analysis, resampling the datasets 1,000 times.
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12) The mycelium was extracted with 80% acetone. Acetone extracts were prepared for measurement of biological activities, and the samples were stored at À40 C until use. Microorganisms produce many bioactive compounds as secondary metabolites, including antibiotics and cytotoxic compounds. To identify the biological activities of the metabolites produced by the Penicillium strains, we screened for three types of activities: antimicrobial, antioxidative, and hemolytic. Antimicrobial, antioxidative, and hemolytic activities were performed by the paper disk method, the DPPH (1, 1-diphenyl-2-picrylhydrazyl)-scavenging method, and using rabbit erythrocytes respectively, as described previously.
12)
The results of phylogenetic analysis of the Penicillium strains preserved at NBRC based on the ITS-D1/D2 region are shown in Fig. 1 . The Penicillium strains were assigned to 11 species-clusters supported by high bootstrap values (Cluster A to K). We have reported the bioactive profiles of Aspergillus species.
12) The comparisons with Penicillium and Aspergillus strains capable of producing bioactive compounds are shown in Table 1 . The strains that showed anti-E. coli and antioxidative activity were significantly more positive in Aspergillus than Penicillium, but approximately 45% of the Penicillium strains showed the hemolytic activity, and approximately 20% of Aspergillus strains. Thus there were significant differences in certain biological activities of metabolites as between the genera Penicillium and Aspergillus. These results indicate that the genera Penicillium and Aspergillus, despite a close connection, have different characteristic biological profiles.
The representative species included in the 11 clusters and the bioactivities of the metabolites are shown in Table 2 . Positive strains that showed anti-K. rhizophila (Micrococcus luteus) activity were mainly observed in certain groups including P. chrysogenum in the A cluster and P. citrinum in the F cluster. Only strains in A cluster showed anti-E. coli activity (four strains of P. aurantiogriseum, one strain of P. expansum, two strains of P. chrysogenum, and two strains of P. vulpinum). Moreover, six strains of P. brevicompactum in the A cluster and five strains of P. oxalicum and one strain of P. griseoroseum in the F cluster showed antifungal activity. However, three of the four strains in the F cluster showed antifungal activity against A. oryzea, but not against C. albicans. Although there were differences in the rates of positive strains in each cluster, the strains with hemolytic activities were observed over whole clusters. About 30% of the strains in cluster B (two strains of P. adametzii, one strain of P. crocicola, three strains of P. spinulosum, and six strains of P. thomii) and cluster H (two strains of P. capsulatum and one strain of P. sublateritium) showed antioxidative activity. Although it is not clear whether the metabolic compound is the same, all of the strains with antioxidative activity among the 10 strains of P. thomii also showed anti-C. albicans activity.
Penicillium chrysogenum, 16) P. aurantiogriseum, 17) and P. vulpinum, 18) which showed multi-biological Table 1 . Bar, 0.01 Knuc. AK, anti-Kocuria rhizophila NBRC 12708; AE, anti-Escherichia coli NBRC 102203; AC, anti-Candida albicans NBRC 1385; AA, anti-Aspergillus oryzae NBRC 6215; AO, antioxidative activity; HL, hemolytic activity. As for antimicrobial activities, samples displaying an inhibition zone were considered positive. As for antioxidative activity, samples that showed more than 90% greater radical-scavenging activity in comparison to the control were considered positive. As for hemolytic activity, samples that caused over 50% hemolysis were considered positive. Statistical analysis was performed using the Mann-Whitney U test for comparison of two groups. Ã P < 0:01 activities in cluster A, are known to produce penicillin, anicequol, and pintulin respectively. Although many biological compounds have been discovered from the metabolites of P. chrysogenum, there have been a few reports of biological compounds from P. aurantiogriseum and P. vulpinum. Most of thses are cytotoxic compounds. Moreover, although hemolytic compounds have been found in the metabolites of some strains of Penicillium, 19, 20) our results suggest that many Penicillium strains produce hemolytic compounds.
The highest rates of positive strains were in clusters F, B, and H for antibacterial and hemolytic, antifungal, and antioxidative activity, respectively. The numbers of strains with antifungal activity in cluster B and F were 13 of 45 and 4 of 14 strains. Twelve of 14 strains in the cluster F showed hemolytic activity. This information on the relationship between taxonomy and bioactive compounds should be useful in the utilization of industrial microorganisms.
